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STATUS OF 2HDM WITH A LIGHT HIGGS PARTICLE
M. KRAWCZYK
Institute of Theoretical Physics, Warsaw University, Hoz˙a 69, Warsaw, 00-681, POLAND
Present data do not rule out the light neutral Higgs particle h or A with mass below 40–50 GeV in the framework
of the general 2HDM (”Model II”). The status of this model in a light of existing LEP I data and a potential of
the new muon experiment (g-2), the measurement of photon-gluon and gluon-gluon fusion at HERA as well as
photon-photon fusion at low energy γγ NLC is discussed.
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1 Introduction
The mechanism of spontaneous symmetry break-
ing proposed as the source of mass for the gauge
and fermion fields in the Standard Model (SM)
leads to a neutral scalar particle, the minimal
Higgs boson. According to the LEP I data, based
on the Bjorken process e+e− → HZ∗, it should be
heavier than 66 GeV 1,2, also the MSSM neutral
Higgs particles have been constrained by LEP1
data to be heavier than ∼ 45 GeV 2,3,1. The
general two Higgs doublet model (2HDM) may
yet accommodate a very light ( <∼ 45 − 50 GeV)
neutral scalar h or a pseudoscalar A as long as
Mh + MA
>
∼ MZ
2 ,3c). Note that the lower
limit for the charged Higgs boson MH±= 44
GeV/c was obtained at LEP I 1 from process
Z → H+H− (moreover in the MSSM version one
expect MH± > MW ).
In the minimal extension of the Standard
Model there are two Higgs doublets, the observed
Higgs sector is enlarged to five scalars: two neu-
tral Higgs scalars (with masses MH and Mh for
heavier and lighter particle, respectively), one neu-
tral pseudoscalar (MA), and a pair of charged Hig-
gses (MH+ and MH−). The neutral Higgs scalar
couplings to quarks, charged leptons and gauge
bosons are modified with respect to analogous
couplings in SM by factors that depend on ad-
aTo appear in the “Proceedings of the 28th International
Conference on High Energy Physics”, Warsaw, Poland,
25-31 July 1996, World Scientific, ed. Z.Ajduk, A. K.
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ditional parameters : tanβ, which is the ratio of
the vacuum expectation values of the Higgs dou-
blets v2/v1, and the mixing angle in the neutral
Higgs sector α. Further, new couplings appear,
e.g. Zh(H)A and ZH+H− 4.
1.1 The status of 2HDM Model after LEP I
In this talk I will focus on the ”Model II” of the
two Higgs doublet extentions of SM, where one
Higgs doublet with vacuum expectation value v2
couples only to the ”up” components of fermion
doublets while the other one couples to the ”down”
components b 4. In particular, fermions couple to
the pseudoscalarA with a strength proportional to
(tanβ)±1 whereas the coupling of the fermions to
the scalar h goes as ±(sinα/ cosβ)±1, where the
sign ± corresponds to isospin ∓1/2 components.
In the well known supersymmetric model
(MSSM) belonging to this class the relations
among the parameters required by the supersym-
metry appear, leaving only two parameters free
(at the tree level) e.g. MA and tanβ. In general
case, which we call the general 2 Higgs Doublet
Model (2HDM), masses and parameters α and β
are not constrained by the model. Therefore the
same experimental data may lead to very different
consequences depending on which version of two
Higgs doublet extension of SM, supersymmetric or
nonsupersymmetric, is considered (see below).
For neutral Higgs particles h and A there are
two main and complementary sources of informa-
bIn such model FCNC processes are absent and the ρ
parameter retains its SM value at the tree level. Note that
in such scenario the large ratio v2/v1 ∼ mtop/mb ≫ 1 is
naturally expected.
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Figure 1: a) The 95% exclusion plot for scalar from the Bjorken process 2c). b) The 95% exclusion plot for the mass of
scalar versus the mass of pseudoscalar in 2HDM 3c). c) The 95% exclusion plot for tan β versus the pseudoscalar mass
from the Yukawa process. Parameter space above the curves can be ruled out 7.
tion at LEP I: the Bjorken processes Z → Z∗h,
which constrains g2hZZ ∼ sin
2(α − β) for Mh be-
low 50-60 GeV 2(Fig. 1a) and pair production
Z → hA, constraining the g2ZhA ∼ cos
2(α − β)
2,3 for Mh +MA
<
∼MZ
c. The Higgs pair produc-
tion cross section depends also on the masses Mh,
MA and MZ . Combined results on sin
2(α − β)
and cos2(α − β) can be translated into the lim-
its on neutral Higgs boson masses Mh and MA.
In the MSSM, due to relations among parameters,
the above data allow to draw limits for the masses
of individual particles: Mh>∼45 GeV for any tanβ
and MA
>
∼ 45 GeV for tanβ ≥1
3,1. In the general
2HDM the implications are quite different, here
the large portion of the (Mh,MA) plane, where
both masses are in the range between 0 and ∼50
GeV, is excluded 2,3 (Fig. 1b) (for comparison
the corresponding plot obtained for MSSM is pre-
sented in Fig.2). The third basic process in search
Figure 2: The allowed and excluded region of Higgs boson
mass in the MSSM 3c).
of a neutral Higgs particle at LEP I is the Yukawa
c The off shell production could also be included.
process, i .e. the bremsstrahlung production of the
neutral Higgs boson h(A) from the heavy fermion,
e+e− → f f¯h(A), where f means here b quark
or τ lepton. This process plays a very important
role since it constrains the production of a very
light pseudoscalar even if the pair production is
forbidden kinematically, i .e. for Mh +MA > MZ
d. It allows also to look for a light scalar, being
an additional, and in case of α = β the most im-
portant, source of information 5,14,6. New anal-
ysis of the Yukawa process by ALEPH collabora-
tion, contributed to this conference 7, led to the
exclusion plot (95%) on the tanβ versus the pseu-
doscalar mass, MA (Fig.1c). The obtained limits
are rather weak allowing for the existence of a light
A with large tanβ (for mass below 10 GeV tanβ
till 20–30, whereas for MA=40 GeV tanβ up to
100 is allowed!) For scalar h similar exclusion
limits should hold also (with the replacement in
coupling tanβ → sinα/ cosβ) e.
As far as other experimental data, especially
from low energy measurements, they cover only
part of the parameter space of 2HDM, moreover
some of them like the Wilczek process have large
theoretical uncertainties due both to the QCD and
relativistic corrections 8,4,10.
In light of the above experimental results there
is still the possibility of the existence of one light
neutral Higgs particle with mass below ∼ 40–50
GeV in 2HDM. In the following we will study this
model assuming, according to LEP I data, the fol-
lowing mass relation between the lightest neutral
dfor the off shell production
eLarger differences one should expect however in region
of mass below 10 GeV where more stringent limits should
be obtained 6.
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Higgs particles: Mh +MA ≥MZ . We specify the
model further by choosing particular values for the
parameters α and β within the present limits from
LEP I, we simply take α = β.
As we described above the existing limits for
a light neutral Higgs scalar/pseudoscalar boson in
2HDM are rather weak. Therefore it is extremely
important to check if more stringent limits can be
obtained from other measurements 14,12,13.
1.2 Constraints on the parameters of 2HDM
from present (g − 2) data for muon.
The present experimental data limits on (g−2) for
muon, averaged over the sign of the muon electric
charge, is given by 15,18:
aexpµ ≡
(g − 2)µ
2
= 1 165 923 (8.4) · 10−9.
The quantity within parenthesis, σexp, refers to
the uncertainty in the last digit. The theoretical
(SM) result
aSMµ = a
QED
µ + a
had
µ + a
EW
µ ,
has error, mainly due to the hadronic contribu-
tion, which is smaller than σexp. Still there is a
large discrepancy between theoretical results. We
will consider here 13 so called case A, based on
Refs.21,22,25,24,27,20, with relatively small error in
the hadronic part and case B (Refs. 22,23,28,20)
corresponds to the two times larger error in the
hadronic part 17:
case A [in 10−9] B [in 10−9]
QED 1 165 847.06 (0.02) 1 165 847.06 (0.02)
had 69.70 (0.76) 68.82 (1.54)
EW 1.51 (0.04) 1.51 (0.04)
tot 1 165 918.27 (0.76) 1 165 917.39 (1.54)
The room for new physics f is given basically by
the difference between the experimental data and
theoretical SM prediction: aexpµ − a
SM
µ ≡ δaµ
g.
Below the difference δaµ for these two cases, A and
B, is presented together with the error σ, obtained
by adding the experimental and theoretical errors
f see discussion in Refs.14,17,12,13
gHowever in the calculation of aEWµ the (SM) Higgs
scalar contribution is included(see discussion in13).
in quadrature; also the 95% C.L. limits are shown:
case A [in 10−9] B [in 10−9]
δaµ(σ) 4.73(8.43) 5.61(8.54)
lim −11.79≤δaµ≤21.25 −11.13≤δaµ≤22.35
lim± −13.46≤δaµ≤19.94 −13.71≤δaµ≤20.84
One can see that at 1 σ level the difference δaµ can
be of positive and negative sign. For that scenar-
ios in which both positive and negative δaµ may
appear, the 95% C.L. bound can be calculated in a
straightforward way (denoted above by lim). For
the model where the contribution of only one sign
is physically accessible (i .e. positive or negative
δaµ), the other sign being unphysical, the 95%C.L.
limits should be calculated 18 separately for posi-
tive and for negative contributions (lim±).
We will use above bounds for the constraining
the 2HDM: so we take δaµ = a
(2HDM)
µ with con-
tribution from scalar h (ahµ), pseudoscalar A (a
A
µ )
and charged Higgs boson H± (a±µ ) (“full” 2HDM
contribution, relevant formulae 29can be found in
the Appendix in Ref.13). Each of these terms dis-
appears in the limit of large mass, at small mass
the contribution reaches its maximum (or mini-
mum if negative) value. The scalar contribution
ahµ(Mh) is positive whereas the pseudoscalar bo-
son aAµ (MA) gives a negative contribution, also the
charged Higgs boson contribution is negative.
In the following we assume, according to the
LEP I, mass limits for charged nad neutral Higgs
particles in following way: for scenario a) with
a light pseudoscalar we take a
(2HDM)
µ (MA) =
aAµ (MA) + a
h
µ(M
0
h =MZ−MA) + a
±
µ (M
0
±), while
for a light scalar scenario b): a
(2HDM)
µ (Mh) =
ahµ(Mh) + a
A
µ (M
0
A = MZ −Mh) + a
±
µ (M
0
±). Here
mass limit ofH± was usedM0±=44 GeV. Since the
contribution a
(2HDM)
µ is for the scenario b) posi-
tive, whereas for the scenario a) negative we will
use bounds provided by lim± introduced above.
In the contrast to the “full” 2HDM contribution
the simple approach is based on only pseudoscalar
or scalar contribution in case a) or case b), respec-
tively. It reproduces the full 2HDM prediction be-
low mass say 30 GeV (see 13).
The case A gives more stringent lim± for both
positive and negative δaµ (see table), therefore
this case was used in constraining parameters of
the 2HDM. The obtained 95%C.L. exclusion plots
for tanβ for light h or A is presented in Fig. 3.
If one compare the upper curve resulting from the
3
present g − 2 data with the ALEPH results 7 one
can find that in the pseudoscalar case there ap-
pear additional restriction for mass below 2 GeV.
Still tanβ about 10-15 is allowed for mass around
1 GeV. Case B will lead to similar limits with the
rescaling curves by factor 1.022(1.009) for a light
scalar (a light pseudoscalar) case.
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Figure 3: The 95% exclusion plots for light scalar(solid
lines) or light pseudoscalar (dashed lines) in 2HDM (sim-
ple approach)12 . The limits derivable from present (g−2)µ
measurement (upper lines) and from existing LEP I re-
sults (Yukawa process) for the pseudoscalar (dotted line)
are shown. The lower lines correspond to the future (g-2)
data (see text). Parameter space above the curves can be
ruled out.
2 Potential of future experiments
The role of future measurements: (g-2) for muon,
photon/gluon-gluon fusion at HERA collider and
γγ fusion at low energy NLC are discussed.
2.1 Future (g-2) data for muon
Since presently the dominant uncertainty in δaµ
is due to the experimental error, the role of the
forthcoming E821 experiment is crucial in testing
the SM or probing a new physics. The expected
new high-precision E821 Brookhaven experiment
has design sensitivity of σnewexp = 4 · 10
−10 (later
even 1–2 ·10−10, see Ref.20) instead of the above
84 · 10−10 (see talk at this conference presented
by B. L. Roberts16). It is of great importance to
reach similar accuracy in the theoretical analysis.
One expects the improvement in the calculation of
the hadronic contributionh such that the total un-
hThe improvement in the ongoing experiments at low
energy in expected as well.
certainty will be basically due to the experimental
error. Below we will assume that the accessible
range for the beyond SM contribution, in partic-
ular 2HDM with a light scalar or pseudoscalar,
would be smaller by factor 20 as compared with
the present lim±95% bounds for case A (Sec.1.2).
So, we consider the following option for future (g-
2) measurement (in 10−9):
lim±
new(95%) : −0.69 ≤ δanewµ ≤ 1.00.
The resulting exclusion plots for two scenarios in
2HDM obtained in the same manner as in Sec. 1.2
(simple approach) can be found in Fig. 3 (lower
curves). They will be discussed together with oth-
ers exclusion plots in Sec. 2.3. Here we would like
only to mention that the assumed by us δanewµ
cover both positive and negative region, but if the
actual δanewµ will turn out to be positive(negative)
then the light pseudoscalar(scalar) is no more al-
lowed.
2.2 Photon-gluon and gluon-gluon fusion at
HERA
The gluon-gluon fusion via a quark loop, gg →
h(A), can be a significant source of light non-
minimal neutral Higgs bosons at HERA collider
due to the hadronic interaction of quasi-real pho-
tons with protons 10,11. In addition the produc-
tion of the neutral Higgs boson via γg → bb¯h(A)
may also be substantial 9,10. Note that the lat-
ter process also includes the lowest order contribu-
tions due to the resolved photon, like γb→ bh(A),
bb¯→ h(A), bg → h(A)b etc. We study the poten-
tial of both gg and γg fusions at HERA collider.
It was found that for mass below ∼ 30 GeV the
gg fusion via a quark loop clearly dominates the
cross section. In order to detect the Higgs particle
it is useful to study the rapidity distribution dσ/dy
of the Higgs bosons in the γp centre of mass sys-
tem. The (almost) symmetric shape of the rapid-
ity distribution found for the signal is extremely
useful to reduce the background and to separate
the gg → h(A) contribution 10,11.
The main background for the Higgs mass
range between ττ and bb thresholds is due to γγ →
τ+τ−. In the region of negative rapidity the cross
section dσ/dy is very large, e.g. for the γp energy
equal to 170 GeV ∼ 800 pb at the edge of phase
space (y ∼ −4), then it falls down rapidly ap-
proaching y = 0. At the same time signal reaches
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at most 10 pb (forMh=5 GeV). The region of pos-
itive rapidity is not allowed kinematically for this
process since here one photon interacts directly
with xγ = 1, and therefore yτ+τ− = −
1
2 log
1
xp
≤ 0.
Moreover, there is a relation between rapidity and
invariant mass: M2
τ+τ−
= e2yτ+τ−Sγp. Signifi-
cantly different topology found for γγ → τ+τ−
events than for the signal should allow to get rid
of this background. The other sources of back-
ground are qq¯ → τ+τ− processes. These processes
contribute to positive and negative rapidity yτ+τ− ,
with a flat and relatively low cross sections in the
central region (see for more details Ref.10,11).
To show the potential of HERA collider the
exclusion plot based on the gg fusion via a quark
loop can be obtained. In this case, as we men-
tioned above, it is easy to find the part of the
phase space where the background is negligible.
We focus on the τ+τ− final state and to calculate
the 95% C.L. for allowed value of tanβ we take
into account signal events corresponding only to
the positive rapidity region (in the γp CM sys-
tem). Neglecting here the background the num-
ber of events were taken equal to 3. The results
for the ep luminosity Lep =25 pb
−1 and 500 pb−1
are presented in Fig. 4.
2.3 Exclusion plots for 2HDM
In Fig.4 the 95% C.L. exclusion curves for the
tanβ in the general 2HDM (”Model II”) obtained
by us for a light scalar (solid lines) and for a
light pseudoscalar (dashed lines) are presented in
mass range below 40 GeV. For comparison results
from LEP I analysis (Yukawa process) for pseu-
doscalar is also shown (dotted line). The region of
(tanβ,Mh(A)) above curves is excluded.
The present (g − 2)µ data improve limits ob-
tained recently by ALEPH collaboration on tanβ
for low mass of the pseudoscalar: MA <∼ 2 GeV.
Similar situation should hold for a 2HDM with
a light scalar, although here the Yukawa process
may be more restrictive for Mh <∼ 10 GeV
6. The
future improvement in the accuracy by factor 20
in the forthcoming (g − 2)µ experiment may lead
to more stringent limits than provided by LEP I
up to mass of a neutral Higgs boson h or A equal
to 30 GeV, if the mass difference between scalar
and pseudoscalar is ∼MZ (or to higher Mh(A) for
a larger mass difference 13). Note however that
there is some arbitrariness in the deriving the ex-
1
10
100
1 10
ta
n
(b
et
a)
M_h(A),  GeV
Exclusion plot (95 % C.L.)
HERA (500 pb^-1)
HERA (25 pb^-1)
LEP I
g-2 (present)
g-2 (future)
NLC (10 fb^-1)
Figure 4: The combined exclusion plot.
pected bounds for the δanewµ .
The search at HERA in the gluon-gluon fu-
sion via a quark loop at HERA may lead to even
more stringent limits for the mass range 5–15 (5–
25) GeV, provided the luminosity will reach 25
(500) pb−1 and the efficiency for τ+τ− final state
will be high enoughi. The other production mech-
anisms like the γg fusion and processes with the
resolved photon are expected to improve farther
these limits.
In the very low mass range the additional lim-
its can be obtained from the low energy γγ NL col-
lider. The results based on γγ → h(A) → µ+µ−
for the luminosity Lee 10 fb
−1 are presented in
Fig.4 (from Ref.30).
3 Conclusion
To conclude, in the framework of 2HDM a light
neutral Higgs scalar or pseudoscalar, in mass range
below 40 GeV, and tanβ even as large as 15-20
is not ruled out by the present data. The fu-
ture experiments may clarify the status of the gen-
eral 2HDM with the light neutral Higgs particle.
The role of the forthcoming (g− 2)µ measurement
seems to be crucial in clarifying which scenario
of 2HDM is allowed: with a light scalar or with
iIn this analysis the 100% efficiency has been assumed.
If the efficiency will be 10 % the corresponding limits will
be larger by factor 3.3
5
a light pseudoscalar. Then farther constraints on
the coupling of the allowed light Higgs particle one
can obtained from the HERA collider, which is
very well suitable for this. The very low energy
region of mass may be studied in addition in low
energy γγ NLC machines. It is not clear however
if the low energy option will come into operation.
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